; . The significance of FasL/Fas interactions for Introduction preventing autoantibody production is underscored by the secretion of autoantibodies, resembling those proTo avoid autoimmunity, T cells must deliver mitogenic duced in systemic lupus erythematosus (SLE), in mice signals only to appropriate B cell targets. In cognate carrying the FasL gld or Fas lpr mutations (Cohen and Eise-B-T cell interactions, the immune system must therefore nberg, 1991) and in children with mutations in the Fas discriminate between useful B cells that have been stimgene (Fisher et al., 1995; Rieux-Laucat et al., 1995) . Furulated by a foreign antigen binding to their B cell antigen thermore, autoantibody-producing B cells accumulate receptors (BCRs) and neighboring B cells that either are in large numbers within the T cell zones of the spleen useless because their BCRs have not been stimulated in Fas lpr/lpr mice, consistent with the notion that B-T cell by an antigen (bystander cells) or are potentially harmful interactions in this site are dysregulated in the absence because their BCR binds to self-antigens. While the moof Fas (Jacobsen et al., 1995) .
lecular mechanism by which T cells induce B cell clonal
Here we analyze the role of CD40L/CD40, FasL/Fas, proliferation is becoming clear, much less is known and the BCR in regulating delivery of T cell signals to about how these cell interactions are regulated to direct eliminate self-tolerant B cells and cause proliferation of T cell help selectively to foreign antigen-binding B cell foreign antigen-stimulated B cells. To observe how the targets and minimize secretion of useless or harmful immune system distinguishes between these two antibody by bystander or tolerant B cells.
closely matched B cell targets, the enormous heteroge-A mechanism to distinguish appropriate B cell targets neity of B and T cell receptors must be circumvented must exist because T cell-derived mitogens like CD40
by obtaining B and T cells from transgenic mice expressligand (CD40L), a member of the tumor necrosis factor ing a uniform BCR or TCR antigen specificity. In this (TNF) family, and cytokines such as study the immune response to the well-characterized have the capacity to trigger proliferation in any B cell, protein antigen, hen egg lysozyme (HEL), is analyzed regardless of specificity (Armitage et al., 1992; Bancher- either as an injected foreign antigen or as a transgeneeau et al., 1994; Foy et al., 1996) . Thus, self-antigen encoded self-antigen circulating in the blood. B cells binding B cells that migrate from the bone marrow to with a uniform BCR-specificity for HEL are isolated from immunoglobulin (Ig) transgenic mice either as naive, the spleen and lymph nodes can proliferate to CD40L nontolerant B cells that have never encountered HEL 1995) . CD40L was a likely candidate for the mitogenic signal from T to B cells that was revealed in the absence antigen, or as tolerant B cells that have matured in mice where they were continuously exposed to HEL as a selfof Fas-induced deletion, because tolerant B cells express CD40 normally and can proliferate to isolated antigen and have desensitized and down-regulated their BCRs (Goodnow et al., 1988; . HEL-CD40 signals in vitro Eris et al., 1994) . To examine the role of CD40L, CD4 ϩ T cells from specific CD4
ϩ T cells are obtained in parallel from transgenic mice carrying rearranged TCR ␣ and ␣ chain TCR-transgenic mice that were wild type (CD40L ϩ/ϩ ), heterozygous (CD40L ϩ/Ϫ ), or hemizygous (CD40L Ϫ/Y ) for genes specific for the dominant HEL 46-61 peptide bound to the major histocompatibility complex (MHC) a targeted mutation in the X-linked CD40L gene (Xu et al., 1994) were used in adoptive transfer experiments molecule I-A K . We show that both CD40L and FasL have dual and essential roles directing B cell with tolerant B cells from Fas lpr/lpr mice ( Figure 1a ). Three days after transfer with CD40L ϩ/ϩ T cells, flow cytometric clonal expansion or elimination following interaction with helper CD4 ϩ T cells. The effect of these molecules analysis revealed that the tolerant B cells had been induced to enlarge ( Figure 1b ) and recover their surface is switched from causing elimination to proliferation by the timing of BCR stimulation by antigen. This mechaIgM expression (Figure 1c) , consistent with the activation and blastogenesis observed previously (Rathmell nism Figure 1A ), we found that HEL-tolerant tion of the HEL 46-61/I-A K complexes on tolerant B cells Kanost and McCluskey, 1994) . To test B cells in the spleen and lymph nodes were selectively eliminated by HEL-specific T cells when their migration whether CD40L had any effect when the FasL/Fas pathway was intact, CD40L-deficient (CD40L Ϫ/Y ) T cells were was tracked in a third party mouse . riers of defective CD40L genes, in whom random X-inactivation would create a subset of CD40L-deficient The requirement for CD40L in the T cell to trigger Fasdependent elimination of tolerant B cells could reflect T cells (Hollenbaugh et al., 1994 (Figures 2c and 2e ). By contrast, no significant increase in Fas expression from a BCR-transgenic mouse that does not express HEL as a self-antigen, bind and present HEL when it occurred on tolerant B cells upon interaction with HELspecific T cells that were CD40L-deficient (Figures 2d is encountered acutely as a foreign antigen. They are, however, not eliminated upon interaction with the same and 2e). CD40L-deficient T cells were functional in other respects, as they could correct the functional defect in CD4 ϩ T cells that eliminated the tolerant B cells . We tested whether this could be due to FasL-deficient T cells in a trans-complementation assay ( Figure 2f ; shown schematically in Figures 2g and 2h) .
Fas remaining uninduced. For this purpose, nontolerant B cells were taken from a BCR-transgenic mouse and In this experiment tolerant B cells could present antigen to T cell partners with molecular deficits in either CD40L
adoptively transferred with HEL-specific T cells into mice that were immunized with foreign HEL antigen. or FasL. The ability of the two defective T cell types to trans-complement one another for B cell elimination Staining for Fas on the B cells showed that Fas was in (Figures 3c and 3d) et al., 1987) , was used to further dissect the role of acute BCR stimulation (see Figure 6a , schematic). The alanine substitutions in Tri-Ala HEL abolish binding to I-A K and prevent presentation to the TCR-transgenic T cells but preserve normal binding and stimulation of HEL-specific BCRs on the B cells (S. E. T. and C. C. G., unpublished data). By selectively restoring BCR stimulation with Tri-Ala HEL in apoptosis. Specifically, these data are significant for The data above indicates that CD40L and Fas acted understanding how cognate B-T cell interactions are together to induce opposite fates in B cells that differed regulated in vivo to direct T cell help to protective B only by their prior antigenic experience: both were cells that make antibodies specifically against foreign needed for elimination of tolerant B cells that had bound antigens while minimizing secretion of irrelevant or selfself-antigens chronically and both promoted proliferareactive antibodies. By tracking the outcome of interaction of nontolerant B cells that had been acutely stimutions between controlled populations of B and T cells lated by foreign antigen. Because tolerant B cells are in vivo, CD40L and FasL/Fas together were shown to distinguished from nontolerant B cells only by dimintrigger opposite cell fates depending on stimulation of ished BCR numbers and signaling , the B cells' antigen receptors. T cell-derived CD40L was it was possible that signals from the BCR determined required to activate and induce Fas on B cells that had which fate was induced. This possibility predicts that not bound antigen via their BCR (irrelevant or bystander nontolerant B cells would also be eliminated if they cap-B cells) and on tolerant B cells that had already bound tured and presented antigen to T cells in a way that self-antigen repeatedly so that signaling by their BCRs bypassed BCR engagement and signaling. To test this was desensitized. FasL then brought about deletion of hypothesis, BCR stimulation by foreign HEL antigen was the irrelevant or self-reactive B cell. By contrast, CD40L bypassed by directly loading nontolerant B cells with and FasL/Fas both promoted clonal expansion and anti-HEL 46-61 peptide in vitro prior to in vivo transfer with body production in B cells that had been stimulated T cells (schematic in Figure 6a ). The stability of the MHC/ acutely by foreign antigen binding to their BCRs. The peptide complex is high, as I-A K molecules presenting failure of this mechanism for blocking inductive signals the HEL 46-61 peptide have a half-life of >22 hr (Nelson to tolerant B cells provides a potential explanation for et al., 1994). Three days after transfer with T cells, control the severe autoantibody disorders that occur in CD40L-B cells that had been incubated in media alone remained deficient or Fas-deficient children. resting since they carried no peptide ligand for the TCR, and B cells exposed to intact HEL protein enlarged and Model for CD40L/Fas-Dependent proliferated extensively (Figures 6b-6d) . By contrast,
Regulation of B-T Interactions HEL 46-61 peptide-loaded B cells were eliminated in
The data above suggest the following model ( Figure 7 (Figure 6c ). Susceptibility to antigen through desensitized antigen receptors, or byFas-dependent elimination by CD4 ϩ T cells in vivo, therestander B cells that capture antigen through BCR-independent routes (Figure 7a ), fail to receive a complete fore, is not unique to tolerant B cells but also occurs in set of intracellular signals from their BCR. Consequently promotes mitogenesis (Figures 7e and 7f ). In this model, CD40L and Fas comprise a checkpoint late in cognate they are not induced to express CD86 (B7.2), the ligand for CD28, and present antigen to specific T cells in the B-T interactions in the T cell zones of spleen and lymph node that aborts mitosis in B cell clones by causing their absence of costimulation Eris et al., 1994; Ho et al., 1994; Cyster and Goodnow, 1995) . elimination unless they have been acutely stimulated by a newly appearing antigen, as would occur for cells that Under these conditions, T cells respond by displaying CD40L and FasL (inferred from genetic results here) but bind specifically to foreign determinants on infectious antigens. make little IL-2 or IL-4 cytokines . CD40L engagement of CD40 on B cells has both a weak mitogenic effect and causes Fas up-regulation (Figure 7b) .
Modulation of CD40L/FasL Effects by the B Cell Antigen Receptor Ligation of Fas by FasL on the T cell then results in apoptotic elimination of tolerant or bystander B cells
The paradoxical finding that a mitogenic signal, CD40L, is also required in vivo to up-regulate Fas on B cells (Figure 7c) .
By contrast, nontolerant B cells that are acutely stimuand render them susceptible to Fas-mediated apoptosis (Figures 1d and 2 ) is consistent with in vitro data demonlated by a new foreign antigen receive the full spectrum of intracellular signals from their BCR (Figure 7d ), leadstrating CD40-induced Fas expression and sensitization to apoptosis (Garrone et al., 1995; Rothstein et al., 1995;  ing to B cell activation and expression of CD86 Ho et al., 1994; Lenschow et al., 1994; Cyster Schattner et al., 1995; Lens et al., 1996; Wang et al., 1996) . This negative regulatory role of CD40L/CD40 and . The combined TCR and CD28 signals received by the T cell result in cytokine secretion stands in contrast to its ability to promote germinal center B cell survival and protect against antigen receptor-( Linsley and Ledbetter, 1993; Ho et al., 1994) 1995; Merino et al., 1995; Wang et al., 1995) . CD40L/ mechanism by which Fas is prevented from transmitting an apoptotic signal in acutely antigen-activated B cells CD40 do not appear to act directly to eliminate tolerant B cells, as has been described for some lymphomas may involve modulation of Fas isoforms, of Fas-associating proteins, or of downstream death-regulatory mole- (Inui et al., 1990; Funakoshi et al., 1994) , because CD40L stimulates Fas-deficient tolerant B cells (Figures 1b and cules (Oltvai and Korsmeyer, 1994; Fraser and Evan, 1996) . (Figures 1d and 2d) . Consistent with the importance of acute BCR stimulation demonstrated here, in vitro mitosis or indirectly by Fas/FasL interaction causing mitogenic cytokines to be produced by either B or T model systems have shown that B cells that are sensitized to Fas-mediated apoptosis by CD40 can be procells (Alderson et al., 1993; Abreu-Martin et al., 1995) .
It is important to note that BCR crosslinking and sigtected by signals from the BCR Lagresle et al., 1996; Wang et al., 1996) . The results here naling is not an all-or-none event, and that acute changes in the extent of BCR cross-linking also influconfirm in vitro data and illustrate how these signals function within primary B and T lymphocytes in vivo to ence the outcome of interactions between tolerant B cells and T cells . Tolerant B cells guide T cell help to useful B cells and block help to potentially harmful B cells in cognate interactions in the can be stimulated to proliferate (albeit at reduced levels) by T cells following a shift from chronic binding of soluspleen and lymph node. The data also demonstrate that instead of being merely sufficient, CD40L is required for ble HEL self-antigen to acute stimulation by foreign HEL as a multimeric antigen array on cell membranes. An Fas-mediated elimination of tolerant B cells (Figure 1d ).
Signals from a sudden burst of BCR cross-linking by acute increase in BCR cross-linking by membrane HEL or by polyclonal anti-BCR antibodies partially overantigen are likely to protect against Fas-mediated death both by direct effects within the B cell and by inducing comes BCR desensitization in HEL-tolerant B cells at the level of receptor phosphorylation, calcium flux, and T cells to display B cell survival factors. In vitro model systems have clearly illustrated the former, as BCR en-CD86 induction . Similarly, B cell tolerance to the glycoprotein of vesicular stomatitis virus gagement in this case protected B cells from Fas-mediated apoptosis during brief lectin-induced interactions (VSV) expressed at low levels as a self-antigen in transgenic mice could be overcome selectively when with FasL-expressing T cell clones or during treatment with anti-Fas antibody  Lagresle challenged with VSV glycoprotein in a dense multivalent matrix on virus particles (Bachmann et al., 1993) . Wang et al., 1996) . Protective effects acting through the T cell are also likely because acute BCR capacity to recruit low avidity self-tolerant B cells into primary antibody responses, despite a markedly raised cross-linking induces CD86 and strongly costimulates excitation threshold and reduced expansion potential, cytokine secretion by interacting T cells. Indeed, while may balance self-tolerance against the need to draw tolerant or bystander B cells express little CD86 at the upon the maximum diversity of clones early in infection time of antigen presentation and induce little cytokine (Goodnow, 1996) . secretion by HEL-specific T cells, nontolerant B cells acutely activated by HEL initially express CD86 at high levels and trigger production of mitogenic cytokines Implications of CD40L/Fas-Dependent Regulation for Immunity and Autoimmunity Ho et al., 1994; Lenschow et al., 1994) . Cytokines such as IL-2 and IL-4 are potent growth
The transgenic model system employed here is particularly amenable to the study of in vivo B-T lymphocyte and survival factors for B cells and may also block Fasmediated apoptosis (Parker, 1993; Clark and Ledbetter, interactions because primary T and B cells are available that are specific for the same antigen and the B cells 1994; Wang et al., 1996) . Expression of CD40L on T cells is also augmented by CD28-mediated costimulation differ only in their history of antigenic exposure. This allows the mechanism and the outcome of B-T cell inter- (Klaus et al., 1994) , and these quantitative differences in the level of CD40L could conceivably affect the inducactions to be compared with closely matched nontolerant or tolerant B cells in vivo. HEL-induced IgM antibody tion of cell death by FasL. In either case, the intracellular (Goodnow et al., 1988 ; available from Induced have been described to regulate tolerance to HEL are Mutant Repository of the Jackson Laboratories). Transgenic Fas lpr/lpr the same as those described for bona fide SLE-autoantimice were bred as described . The gens, such as DNA and erythrocytes (Erikson et al., 1991;  I-A K restriction element for HEL presentation to the 3A9 TCRtransgenic T cells was introduced by breeding to B10.BR/SgSnJ Okamoto et al., 1992) and to facilitate tracking the fate of HEL-specific B-T cell tion by PCR, as described unirradiated normal mice, where the rare antigen-spe-T cells for adoptive transfer were from (C57BL/6J ϫ B10.BR/ SgSnJ)F 1 mice that were either nontransgenic or carried the 3A9 cific cells are competing with the normal excess of by-TCR ␣ and ␤ transgenes . CD40L-deficient mice stander B and T cells (S. E. T. and C. C. G., unpublished were generated as described (Xu et al., 1994) ϩ -enriched B cell populations were cultured for 4 hr at 37ЊC, Allen, P.M., Matsueda, G.R., Evans, R.J., Dunbar, J.B., Marshall, 5% CO 2 at 2 ϫ 10 6 cells/ml in 5 ml complete media in 6-well plates G.R., and Unanue, E.R. (1987) . Identification of the T-cell and Ia (COSTAR, Cambridge, MA). HEL (Sigma, St Louis, MO) or Tri-Ala contact residues of a T-cell antigenic epitope. Nature 327, 713-715. HEL was added to the medium at a final concentration of 500 ng/ Armitage, R.J., Fanslow, W.C., Strockbine, L., Sato, T.A., Clifford, ml. HEL 46-61 peptide was added to a final concentration of 10 K. N., Macduff, B.M., Anderson, D.M., Geimpel, S.D., Davis-Smith, M. Tri-Ala HEL was produced by expression in the yeast Pichia T., Maliszewski, C.R., et al. (1992) . Molecular and biological characpastoralis and purified by ion-exchange chromatography. The deterization of a murine ligand for CD40. Nature 357, 80-82. sign, production, and detailed characterization of Tri-Ala HEL will Aruffo, A., Farrington, M., Hollenbaugh, D., Li, X., Milatovich, A., be described elsewhere (S. E. T., unpublished data). After culture Nonoyama, S., Bajorath, R., Grosmaire, L.S., Stenkamp, R., Neuthe cells were washed, counted with a hemocytometer, and resusbauer, M., et al. (1993) . The CD40 ligand, gp39, is defective in actipended in fresh media for adoptive transfer.
vated T cells from patients with X-linked hyper-IgM syndrome. Cell 72, 291-300.
Adoptive Transfers
Bachmann, M.F., Rohrer, U., Kü ndig, T.M., Bü rki, K., Hengartner, Transfer recipients were sublethally irradiated (750 cGy) with X-rays H., and Zinkernagel, R.M. (1993) . The influence of antigen organizato eliminate endogenous lymphocytes and facilitate tracking of the tion on B cell responsiveness. Science 262, 1448-1451. transferred B cells. Cells from B cell donors (4-12 ϫ 10 6 splenocytes Banchereau, F.B., Blanchard, D., Briè re, F., Galizzi, J.P., van Kooten, containing 8-24 ϫ 10 5 B cells) and T cell donors (3-7 ϫ 10 5 CD4 ϩ C., Liu, Y.J., Rousset, F., and Saeland, S. (1994) . The CD40 antigen cells) were mixed on ice and injected via the lateral tail vein. Recipiand its ligand. Annu. Rev. Immunol. 12, 881-922. ent mice were sacrificed three or five days after transfer and spleen Brunner, T., Mogil, R., LaFace, D., Yoo, N., Mahboubi, A., Echeverri, cell preparations were made by passing through a metal sieve. The F., Martin, S., Force, W., Lynch, D., Ware, C., and Green, D. (1995) cells were counted by hemocytometer and suspended to approCell-autonomous Fas (CD95)/Fas-ligand interaction mediates actipriate concentrations for flow cytometic analysis or spot ELISA vation-induced apoptosis in T-cell hybridomas. Nature 373, to determine the frequency of anti-441-444. HEL IgMa secreting cells.
